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INVESTIGATION O F  SPUTmRING EFFECTS ON 
THE MOON'S SURFACE 

Eighth Quarter ly  S t a t u s  Report 
C on t r a c  t NAS w - 7 5 1 

ABSTRACT 

Measurements of  photometric and p o l a r i m e t r i c  p r o p e r t i e s  o f  s i f t e d  powder 

s u r f a c e s  have been obtained f o r  t h e  materials greenstone and t e k t i t e  f o r  t h e  

p a r t i c l e  s i z e  ranges 0-20, 20-44, 44-74, and 74-300~ i n  a d d i t i o n  t o  earlier 

d a t a  f o r  t h o l e i i t i c  b a s a l t  and granodior i te .  The s u r f a c e s  were darkened by 

s imula t ed  solar-wind bombardment. The normal albedos and photometric func- 

t i o n  were measured i n  u l t r a v i o l e t ,  green, and red l i g h t  and i n d i c a t e d  fa i r  

agreement with l u n a r  measurements i n  t h e  smaller s i z e  ranges af ter  bombard- 

ment by t h e  equ iva len t  of 10 Two i n d i c e s  

of  t h e  p o l a r i z a t i o n  of gr-n l.Lg??t z e a t t z r e i i  fi-m Lhese rocd pz-dder su r faces  

4 t o  lo5 y r  of solar-wind exposure. 

were shown t o  inc rease  equivalent ly  with p a r t i c l e  s i z e .  

va lues  of t h e  p o l a r i z a t i o n  indices  and albedo i n d i c a t e d  t h a t  most of t h e  

Comparison t o  l u n a r  

p a r t i c l e s  i n  t h e  l u n a r  dust  cover are less than  50 o r  100~ i n  diameter i f  

t h e  unbombarded p a r t i c l e s  a r e  opaque o r  t r a n s l u c e n t ,  r e spec t ive ly .  Some 

u n c e r t a i n t y  i n  t h i s  conclusion arises from t h e  i n t e r p r e t a t i o n  of  t h e  l u n a r  

albedo a t  zero phase angle.  

-I- 

n 



I. INTRODUCTION 

A paper t i t l e d  "Simulated Solar-Wind Bombardment of Poss ib l e  Lunar 

Sur face  Materials" w a s  presented a t  t h e  46th Annual Meeting of t h e  American 

Geophysical Union, 19-22 Apr i l ,  Washington, D.C., and w a s  t h e  subject of 

many subsequent p r i v a t e  discussions.  An a b s t r a c t  i s  given below. G. K. 

Wehner and C.  E. KenKnight a t tended t h e  Conference on t h e  Nature of t h e  

Sur face  of t h e  Moon, 15-16 Apr i l ,  Goddard Space F l i g h t  Center,  Greenbelt ,  

Maryland. 

This r e p o r t  i s  concerned w i t h  t h e  dependence of  photometric and p o l a r i -  

me t r i c  p r o p e r t i e s  of s i f t e d ,  p a r t i c u l a t e  su r faces  upon p a r t i c l e  s i z e .  It 

extends t h e  d a t a  p rev ious ly  given f o r  t h o l e i i t i c  b a s a l t  and g r a n o d i o r i t e  

t o  greenstone and t e k t i t e  f o r  t h e  p a r t i c l e  s i z e  ranges 0-20, 20-44, 44-74, 

and 74-300,~. Photometric p r o p e r t i e s  w e r e  obtained i n  t h r e e  wavelength in -  

t e r v a l s .  Correspondiag pola . r ixat ion c-drves were cbtaine6 f o r  green l i g h t  

and are he re  s u b j e c t  t o  a n a l y s i s  by two methods, of which t h e  new method 

p resen ted  he re  i s  shown t o  b e  far p r e f e r a b l e .  

(1) 

The r e s u l t s  of an ex tens ive  p h o t o e l e c t r i c  observat ion program by 

T. Gehrels have been reduced and published with g r e a t  d e t a i l  by Gehrels, 

Coffeen, and Owings. 

a t  many phases and a t  several wavelengths t o  o b t a i n  both photometric and 

p o l a r i m e t r i c  data. We have begun an a n a l y s i s  of t h e s e  d a t a  i n  terms of 

t h e  methods discussed i n  t h i s  r epor t  and p re l imina ry  i n d i c a t i o n s  are t h a t  

t h e i r  paper i s  of  outs tanding value i n  t h e  understanding of t h e  n a t u r e  of  

t h e  l u n a r  surface.  

( 2 )  
A number of wel l -def ined l u n a r  regions were s t u d i e d  
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Paper p re sen ted  a t  the  46th Annual Meeting of t h e  
American Geophysical Union, Washington, D. C .  

Simulated Solar-Wind Bombardment of Possible  
Lunar Surface Materials 

D. L. Rosenberg and C.  E. KenKnight 
Applied Science Division, L i t t o n  Systems, Inc. 

Minneapolis, Minnesota 55413 

I n t e r p r e t a t i o n  of  l u n a r  l i g h t - s c a t t e r i n g  d a t a  has  been reconsidered, 

t a k i n g  i n t o  account t h e  solar-wind bombardment. Bombardment of  t h e  lunar 

s u r f a c e  has been s imulated i n  a low-pressure, radio-frequency exci ted,  

hydrogen plasma discharge.  Reflect ion curves,  p o l a r i z a t i o n  curves,  and 

normal albedos i n  several wavelength regions have been determined f o r  

s i f t e d  powder su r faces  of a number of p o s s i b l e  l u n a r  materials. A f t e r  as 

much as lo5 simulated years of  solar-wind bombardment, t h e  s u r f a c e s  ex- 

h i b i t e d  decreased albedo and increased b a c k s c a t t e r  and p o l a r i z a t i o n .  The 

degree and na tu re  of  t h e  change in  photometric and p o l a r i m e t r i c  proper- 

t i e s  with bombardment depended on t h e  material, i t s  p a r t i c l e  s i z e ,  and 

i t s  s u r f a c e  compaction. Mater ia ls  r i c h  i n  qua r t z  r equ i r ed  t h e  longes t  

times ( lo5 simulated y e a r s )  f o r  albedos t o  be reduced t o  l u n a r  values .  

Su r faces  ( p a r t i c u l a r l y  s o l i d  su r faces )  of p a r t i c l e s  l a r g e r  t han  lo-' cm 

i n  diameter darkened by simulated solar-wind bombardment gave forward 

s c a t t e r  and p o l a r i z a t i o n  g r e a t l y  i n  excess  of  l u n a r  values .  This i n d i -  

c a t e d  a very complete l u n a r  d u s t  cover. 

- 3- 



11. REFLECTION PROPERTIES OF ROCK POWDERS 

The r e s u l t s  presented  i n  t h e  Seventh Quar t e r ly  S t a t u s  Report'') have 

been extended t o  two more materials: greenstone and t e k t i t e .  

Greenstone w a s  chosen because o u r  previous s t u d i e s  of a bombarded green- 

s t o n e  su r face  of only one p a r t i c l e  s i z e  f r a c t i o n  ind ica t ed  o p t i c a l  s c a t t e r i n g  

p r o p e r t i e s  i n  white  l i g h t  very similar t o  those  of t h e  moon. The p resen t  

s t u d i e s  cover var ious  bombardment doses and p a r t i c l e  s i z e  f r a c t i o n s .  The 

o p t i c a l  s c a t t e r i n g  of t h e  su r face  is measured i n  s e v e r a l  wavelength regions.  

T e k t i t e  m a t e r i a l  w a s  s t u d i e d  because of i t s  p o s s i b l e  l u n a r  o r ig in .  The tek-  

t i t e s  were obta ined  through the  courtesy of D r .  John A. O'Keefe of Goddard 

Space F l i g h t  Center .  

A. Greenstone 

Surfaces  of s i f t e d  greenstone, an  a l t e r e d  metamorphic rock o f  poss ib l e  

basalt parentage,  have been s tudied  be fo re  bombardment and a f t e r  t h e  equiva- 

l e n t  of 10 Surfaces  o f  p a r t i c l e  s i z e  

f r a c t i o n  0-20, 20-44, 44-74, and 74-300~ were bombarded by hydrogen ions i n  

an rf e x c i t e d  plasma. The ion  energy and d e n s i t y  were such t h a t  5s h r  of 

bombardment correspond t o  approximately 10 y r  of solar-wind ac t ion .  The 

normal a lbedos of t h e  var ious  greenstone su r faces ,  both be fo re  and a f t e r  

bombardment, are given i n  Table I. These albedo va lues  are p l o t t e d  vs 

wavelength i n  Fig.  1. A l s o  ind ica ted  i s  t h e  reg ion  of average l u n a r  va lues .  

The albedos of t h e  t h r e e  l a r g e r  p a r t i c l e  s i z e  f r a c t i o n s  are very  similar t o  

each o t h e r  before  bombardment and a l s o  a f t e r  t h e  10 

ment. All of the  p a r t i c l e  s i z e  f r a c t i o n s  would have albedo-wavelength 

4 t o  lo5 y r  of solar-wind bombardment. 

4 

4 
equiva len t  y e a r  bombard- 
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c h s r a c t e r i s t i c s  similar t o  t h e  average l u n a r  su r face  i n  t h e  wavelength region 

employed af ter  bombardment t imes equivalent  t o  10 4 y r  solar-wind a c t i o n  o r  

less. Note t h a t  f u r t h e r  bombardment reduces t h e  albedos t o  values  lower 

than  those  f o r  t h e  l u n a r  surface.  This  i l l u s t r a t e s  t h e  requirement f o r  a 

mixing mechanism on t h e  l u n a r  surface.  Solar-wind bombardment, as s imulated 

i n  t h e s e  s t u d i e s ,  would darken every rock powder we have s t u d i e d  t o  albedos 

much below t h e  average l u n a r  values i n  10 y r .  
9 

The l i g h t  r e f l e c t i o n  curves f o r  greenstone are given i n  Figs .  2-4. 

The 0 - 2 O p  p a r t i c l e  s i z e  su r face  has t h e  most pronounced o p t i c a l  b a c k s c a t t e r  

and t h i s  is  enhanced by bombardment. The s i m i l a r i t y  between t h e  o p t i c a l  re- 

f l e c t i o n  c h a r a c t e r i s t i c s  of a bombarded 0 - 2 0 ~  p a r t i c l e  greenstone s u r f a c e  

and t h e  l u n a r  s u r f a c e  inc reases  with bombardment time. The du ra t ion  of bom- 

bardment necessary f o r  good albedo vs wavelength f i t  i s  t h e  equ iva len t  of  t h e  

cri ier. CI IL' yr li.._rile r e f l e c t i c n  c h a r x t e r i a t i c s  f i t  better a f t e r  t'ne equiva- 

l e n t  of the  o rde r  of  10 yr o r  more. 

I 
- _ _ 4  

5 Possibly a b l each ing  by u l t r a v i o l e t  

l i g h t  could decrease t h e  darkening such t h a t  both t h e  albedo-wavelength de- 

pendence and t h e  o p t i c a l  s c a t t e r i n g  p r o p e r t i e s  would be  similar t o  t h e  

l u n a r  s u r f a c e  af ter  a given bombardment t i m e .  

-7- 
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B. T e k t i t e  Material 

Surfaces  of s i f t e d  t e k t i t e  ma te r i a l  have been s t u d i e d  i n  t h e  same manner 

as s u r f a c e s  of greenstone. The normal albedos of t h e  surfaces ,  both be fo re  

and af ter  bombardment, are given i n  Table I. The albedos vs wavelength are 

given i n  Fig.  5. The region of average l u n a r  values  i s  i n d i c a t e d  by t h e  

hatched band. For t h e  umbombarded powders t h e  albedo inc reases  with decreasing 

p a r t i c l e  s i z e .  A f t e r  t h e  equivalent of  10 4 y r  solar-wind bombardment, t h e  al-  

bedos f o r  a l l  f o u r  p a r t i c l e  s i z e  ranges a r e  similar t o  t h e  l u n a r  average. 

i n c r e a s e  of albedo with wavelength i s  a l i t t l e  more pronounced than  t h a t  of 

t h e  l u n a r  surface;  i . e . ,  t h e  surface is  "redder" than t h e  average l u n a r  su r -  

f ace .  A s  w i t h  greenstone, a d d i t i o n a l  bombardment cont inues t h e  darkening. 

The inc rease  of albedo with wavelength is l a r g e r  f o r  t e k t i t e  material than  

The 

f o r  greenstone even after t h e  equivalent  of 10 5 y r  of bombardment. Our bom- 

barded materials which are high i n  s i l i c a  t end  t o  be "reddish" l i k e  t h e  l u n a r  

highlands while t h e  more b a s i c  ma te r i a l s  are more "grey" l i k e  t h e  l u n a r  low- 

l ands .  

The 0-20~ p a r t i c l e  s i z e  su r face  has a g r e a t e r  degree of  o p t i c a l  b a c k s c a t t e r  

t han  t h e  l a r g e r  f r a c t i o n  su r faces ,  b u t  t h e  su r face  r e f l e c t i o n  i s  q u i t e  

The r e f l e c t i o n  curves f o r  t e k t i t e  material are given i n  Figs .  6-8. 

d i f f u s e  with apprec i ab le  forward s c a t t e r  even af ter  t h e  equ iva len t  of 10 5 

yr o f  solar-wind bombardment. 
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111. POLARIZATION MEASUREMXNTS 

The degree o f  p o l a r i z a t i o n  has been measured f o r  green l i g h t  s c a t t e r e d  

from greenstone and t e k t i t e  powders of  fou r  s i z e  ranges.  The r e s u l t s  are 

p resen ted  i n  Figs .  9-16. These measurements extend t h e  program of t h e  pre-  

vious quarter'') t o  a d d i t i o n a l  materials. Analysis of t h e  e f fec t  of  p a r t i -  

c l e  s i z e  w a s  p rev ious ly  made for powders of t h o l e i i t i c  b a s a l t  and g ranod io r i t e .  

The a d d i t i o n a l  d a t a  s t r eng then  the previous f i n d i n g  t h a t  p o l a r i z a t i o n  d a t a  

can be  combined with albedos of l u n a r  f e a t u r e s  t o  f i n d  t h e  s i z e  of t h e  p a r t i -  

c l e s  a t  t h e  su r face  of  t h e  moon. The e f f e c t  of  composition seems t o  be con- 

f i n e d  t o  i t s  e f f e c t  on t h e  opaci ty  of  t h e  p a r t i c l e s  of a given s i z e .  

Instrutxental  E f f e c t s  

We have no t i ced  an asymmetry i n  t h e  curves obtained f o r  t h e  angle  of 

emergence 6 = 0" which seems t o  be in s t rumen ta l  r a t h e r  t han  t h e  cocsequence 

"tilts" of t h e  su r face  involving dimensions comparable t o  t h e  3 mm 

viewed by t h e  de t ec to r .  We here i n d i c a t e  evidence t h a t  t h e  d a t a  f o r  t h e  

C = 60" curves i n  Figs.  9-16 a r e  n o t  s e r i o u s l y  a f f e c t e d  by t h i s  i n s t r u -  

mental d i f f i c u l t y .  

Notice t h a t  a maximum e x i s t s  i n  most 6 = 0" curves a t  a p o s i t i v e  phase 

angle  ( i n  our convention) of  70-80" b u t  t h a t  no such maximum e x i s t s  f o r  

nega t ive  phase angles  up t o  85". It i s  u s u a l l y  t h e  case f o r  f i n e  powders 

(and appa ren t ly  f o r  t h e  whole luna r  s u r f a c e )  t h a t  t h e  degree of po la r i za -  

t i o n  i s  a func t ion  only of phase angle i n  t h e  plane containing t h e  normal 

t o  t h e  s u r f a c e .  This means t h a t  i n  gene ra l  t h e r e  a r e  two d i f f e r e n t  angles  

of incidence which give t h e  same degree of  p o l a r i z a t i o n  f o r  a given angle  

of  emergence. 
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Fig. 13 Polar iza t ion  of green l i g h t  s c a t t e r e d  from t e k t i t e  
powder 0-20,44, si f t -74.  ( a )  Unsputtered: An = 0.42. 

ph = 0.053. 
(b) 10 1, equiv. yr ,  A, = 0.130. ( c )  105 equiv. y r ,  
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Viewing at 45" from t h e  su r face  normal, f o r  example, p o l a r i z a t i o n  w i l l  be 

t h e  same f o r  l i g h t  o f  nea r  glancing incidence and of nea r  normal incidence.  

But i n  ou r  apparatus  w e  p re sen t ly  f i n d  systematic  dev ia t ions  from t h i s  

r u l e  such t h a t  f o r  phase angle  Icxl = 80", t h e  degree of  p o l a r i z a t i o n  in -  

c r e a s e s  i n  t h e  fol lowing o r d e r  of curves (e .g . ,  Fig. 9 ) :  +a f o r  E = O", 

+a f o r  f2= 60", -a f o r  E =  0". No such systematic  changes should be found 

a t  d i f f e r e n t  angles  of emergence. 

t h e  curve f o r  t h e  ang le  of  emergence E = 60" is  approximately t h e  geometric 

mean of t h e  two curves f o r  E =  0'. In  a d d i t i o n  t o  t h e  l a r g e  e f f e c t s  f o r  

l a r g e  phase angles ,  t h e r e  may a l so  be a very small systematic  asymmetry 

f o r  t h e  E = 0" case a t  small phase angles .  All t h e s e  systematic  asymmetries 

can be a t t r i b u t e d  t o  problems with t h e  l i g h t  source, e .g . ,  a non-uniform 

i l l u m i n a t i o n  by s l i g h t l y  po la r i zed  l i g h t  t h a t  approximates uniform i l lumina-  

t i o n  by unpolar ized l i g h t  a t  small phase angles .  

w i l l  b e  made t o  remove t h e  asymmetries a s s o c i a t e d  with t h e  light source by 

observing l i g h t  s c a t t e r e d  from "simple" su r faces  and then r e a l i g n i n g  t h e  

o p t i c s .  Before t h i s  realignment, an in s t rumen ta l  func t ion  should be ob- 

t a i n e d  which w i l l  permit approximate c o r r e c t i o n  of  earlier data,  e s p e c i a l l y  

those  f o r  e= 0" . 

A t  a given phase angle  i n  excess of  60", 

I n  t h e  f u t u r e ,  a t tempts  

The e f f e c t  of  l i g h t  source asymmetry upon t h e  degree of  p o l a r i z a t i o n  

i s  small except f o r  g l anc ing  incidence and becomes smaller as ion bombard- 

ment darkens a given su r face .  This can be seen, f o r  i n s t ance ,  i n  Fig.  1 4  

where t h e  two E =  0" curves are i n  fa i r  agreement f o r  t h e  unsput tered 

sample t o  a phase angle o f  40". A s  t h e  albedo decreases  due t o  i o n  bom- 

bardment and p o l a r i z a t i o n  increases  f o r  phase angles  i n  excess of 3O", 

t h e  asymmetry becomes r e l a t i v e l y  less important,  even a t  a phase ang le  as 

high as 85". 

-25-  



I n  some of t h e  f i g u r e s  t h e r e  is  a bombardment-induced asymmetry which 

i s  n o t  instrumental .  Notice, for  instance,  t h a t  while t h e  two curves f o r  - 
4 = 0" i n  Fig. 1 4  converge t o  a s i n g l e  func t ion  of phase angle as t h e  al- 

bedo decreases,  t h e  two curves f o r  E =  0" l i e  h ighe r  t han  t h e  corresponding 

funct ions f o r e  = 60", e s p e c i a l l y  a t  small phase angles .  

t h e  obvious symmetry about zero phase ang le  f o r  t h e  E= 0" case i s  n o t  

shared by t h e  €= 60" case.  Rather, t h e  region of negat ive degree of 

p o l a r i z a t i o n  becomes more and more marked f o r  t h e  E= 60" case as bombard- 

ment proceeds. These systematic  s h i f t s  of  t h e  p o l a r i z a t i o n  curve t h a t  cause 

asymmetry about an obl ique viewing angle  are not  instrumental .  I n  a previous 

r e p o r t ( 3 )  t h i s  phenomenon w a s  a t t r i b u t e d  t o  t h e  e f f e c t s  of  ion bombardment 

i n  a f i x e d  d i r e c t i o n  normal t o  the t a r g e t  s u r f a c e  ( v e r t i c a l )  and is  the re -  

f o r e  a p rope r ty  of t h e  powder sample. 

p a t t e r n  of v e r t i c a l  shadows i n  the  s c a t t e r e r  c o n s t i t u t e s  a boundary condi- 

t i o n  t h a t  gives  rise t o  enhancement of  t h e  p o l a r i z a t i o n  (o f  t h e  e l e c t r i c  

v e c t o r )  i n  t h e  v e r t i c a l  d i r e c t i o n .  

Notice a l s o  t h a t  

It w a s  l a te r  asserted' ') t h a t  a 

We p r e s e n t l y  consider  t h a t  t h e  asymmetry of t h e  l i g h t  source has no t  

markedly a f f e c t e d  t h e  degree o f  p o l a r i z a t i o n  f o r  t h e  €= 60" measurements up 

t o  phase ang le  Q = +130°. I n  p a r t i c u l a r ,  s i n c e  t h e  phase angle  of maximum 

degree of p o l a r i z a t i o n ,  a+, l ies  gene ra l ly  between 80 and l3O", w e  b e l i e v e  

t h a t  t h e  region of  maximum degree of  p o l a r i z a t i o n  has  been n e g l i g i b l y  

a f f e c t e d  by t h e  l i g h t  source asymmetry. 

p a r t i c l e s  of high albedo, b u t  i n  t h a t  case a+"-80" s o  t h a t  f o r  € =  60", 

t h e  angle  of incidence g iv ing  maximum p o l a r i z a t i o n  is  only 20" beyond t h e  

sample normal. The e f f e c t  of  t h e  asymmetry of t h e  l i g h t  source should be 

minimal f o r  such near-normal incidence.  

The worst asymmetry is  f o r  small 
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In a d d i t i o n  t o  l i g h t  source d i f f i c u l t i e s ,  t h e r e  is another  type of 

i n s t r m e n t a l  d i f f i c u l t y  t h a t  a f f e c t s  t h e  i n t e r p r e t a t i o n  of  t h e  d a t a  of 

Figs .  9-16. I n  Figs .  12  and 16, f o r  example, b u t  i n  o t h e r  curves as w e l l ,  

t h e r e  are o s c i l l a t i o n s  of  t h e  p o l a r i z a t i o n  curve i n  angular  i n t e r v a l s  

of about 5". Le t  us  refer t o  t h i s  phenomenon as t h e  "facet e f f e c t "  be- 

cause, i n  f a c t ,  it is  r e l a t i v e l y  more s e r i o u s  as p a r t i c l e  s i z e  inc reases  

and i f  specu la r  r e f l e c t i o n  i s  marked. In s t u d i e s  of ion-bombarded f r a c t u r e  

s u r f a c e s  of rock,(15) we found t h a t  specu la r  r e f l e c t i o n  a t  a l a r g e  phase 

angle  is accompanied by p o l a r i z a t i o n  approaching 100% i n  a small angular  

i n t e r v a l ,  even though t h e  su r face  is  q u i t e  rough. Consider t h a t  a de- 

t e c t o r  of  p o l a r i z a t i o n  views a sample area of dimension L. It i s  c l e a r  

t h a t  as t h e  p a r t i c l e  s i z e  o f  a powder sample inc reases  toward L, t h e  

p o s s i b i l i t y  of d e t e c t i n g  a d i s c r e t e  enhancement of p o l a r i z a t i o n  i n  a 

s n a l l  azguiar Tutervai  due t o  a s t rong beam of l i g h t  frm a few f a c e t s  

i nc reases .  I f  many f a c e t s  must cooperate t o  give a d e t e c t a b l e  e f f e c t ,  

t hen  depressions of  t h e  p o l a r i z a t i o n  as w e l l  as enhancements should be  

e q u a l l y  p o s s i b l e  a t  some o t h e r  phase angle.  If t o o  many f a c e t s  must 

cooperate,  then it i s  improbable t h a t  any f a c e t  e f f e c t  w i l l  be detected.  

I n  ou r  apparatus ,  L = 3 mm = 3000,~. 

range up t o  0.1 L i n  s i z e  and the f a c e t  e f f e c t  i s  q u i t e  bothersome i n  

t h e  region of maximum degree o f  po la r i za t ion .  The p a r t i c l e s  of  Figs .  9 

and 1-3 are l e s s  than 0.07 L and the  f a c e t  e f fec t  is  n e g l i g i b l e .  

The p a r t i c l e s  i n  F igs .  12  and 16 
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I n t e r p r e t a t i o n  of t he  Measurements 

It i s  obvious from Figs.  9-16 t h a t  t h e  p o l a r i z a t i o n  of l i g h t  s c a t t e r e d  

Since the  p o l a r i z a -  from l a r g e r  ( o r  da rke r )  p a r t i c l e s  i s  markedly g r e a t e r .  

t i o n  e v i d e n t l y  depends upon two va r i ab le s ,  w e  can p l o t  some p o l a r i z a t i o n  

parameter vs normal albedo and treat p a r t i c l e  s i z e  as a parameter. For 

b a s a l t  and g r a n o d i o r i t e  powders,") we p l o t t e d  t h e  maximum degree of 

p o l a r i z a t i o n ,  P+. For l i n e a r  coordinates  w e  found hyperbola- l ike curves.  

The r e s u l t s  are r e p l o t t e d  with logari thmic coordinates  i n  Fig.  1'7. The 

p o i n t s  now l i e  on n e a r l y  s t r a i g h t  l i n e s .  Assumption of a r e l a t i o n  P+ = 

kAn 

d a t a  f o r  greenstone and t e k t i t e  powders i n  Fig.  18 are very similar. A l l  

o f  t h e s e  d a t a  a r e  l i s t e d  i n  Table 11. 

w a s  observed is  a l s o  l i s t e d  i n  Table 11. 

est imated i n  terms of a smoothed curve so as t o  e l k i n a t e  t h e  f a c e t  e f f e c t ,  

I n  cases  when a+ approached 120°, an a u x i l i a r y  curve for G =  70" w a s  u sua l ly  

obtained because t h e r e  w a s  t h e  p o s s i b i l i t y  t h a t  specu la r  r e f l e c t i o n  might 

enhance t h e  p o l a r i z a t i o n  a t  a = 120' f o r  € = 60". Except f o r  t h e  l a r g e s t  

p a r t i c l e  s i z e s  i n  each rock type,  t h e r e  w a s  no specu la r  enhancement f o r  

t h e s e  s i f t e d  powders. The presence of  specu la r  enhancement f o r  bombarded 

-m r e q u i r e s  rn= lm3 where An is t h e  normal albedo. The corresponding 

The phase angle,  a+, a t  which P+ 

The values  of P+ and a+ are 

powders t h a t  were n o t  s i f t e d  i n  p repa ra t ion  has  been noted. ( 3 )  

In  Figs .  17 and 18, t h e  region o f  corresponding l u n a r  values  of  P+ and 

% i s  i n d i c a t e d  by a r ec t ang le .  

F ig ,  19, l i s t e d  i n  Table 111, and discussed f u r t h e r  i n  t h e  Appendix. 

The a v a i l a b l e  l u n a r  values  are p l o t t e d  i n  
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Mater i a1 

T h o l e i i t i c  
B a s a l t  

I1 

11 

11 

Granodior i te  

11 

11 

Greenstone 

Table  I1 

Albedo and Po la r i za t ion  Parameters 
Measured for Rock Powder Samples 

S i z e  Log10 Age An 
( A  ) (Equiv. Yr) (Green) 

20- 44 

44-74 

0-20 

0-20 2* 

4 

20- 44 2 

4 

44-74 2 

4 

74- 300 2 

4 

0-20 2 

4 

5 

2 

4 

5 

2 

4 

5 

2 

4 

5 

0.167 

0.077 

0.118 

0.066 

0.085 

0.050 

0.107 

0.059 

0.48 

0.242 

G. 10 

0.443 

0.182 

0.056 

0.44 

0.210 

0.100 

0.29 

0.110 

0.049 
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3.9 

7.1 

7.1 

17.1 

14.4 

34.4 

16.1 

33- 6 

0.8 

1.6 

4.7 

0.9 

3.1 

11.8 

2.2 

5.8 

18 : 

1.7 

4.1 

8.5 

82 

88 

91 

106 

100 

112 

97 

116 

90 : 

80 

83 

92 

84 

85 

90: 

102 

130: 

90 

78 

85 

3.95 

6.65 

6.2 

10.35 

10.7 

16.9 

10.7 

16.0 

1.25 

2.0 

4.5 

1.6 

3.1 

8.2 

1.95 

3.5 

5.8 

2.2 

4.6 

8.25 

0.99 

1.07 

1.15 

1.65 

1.35 

2.04 

1.50 

2.10 

0.64 

0.80 

i. 04 

0.56 

1.00 

1.44 

1.13 

1.66 

3.10 

0.77 

0.89 

1.03 



Material 

Greenstone 

I I t  

T e k t i t e  

S i z e  

( P  1 - 
20-44 

44-74 

74- 300 

0-20 

20-44 

44-74 

74- 300 

Table I1 (Cont 'd . )  

An 
(Green) 

2* 

4 

2 

4 

2- 

4 

2 

4 

5 

2 

4 

5 

2 

4 

4.7 

2 

4 

0.182 

0.100 

0.180 

0.084 

0.180 

0.084 

0.42 

0.130 

0.053 

0.34 

0.103 

0.048 

0.305 

0.11 

0.070 

0.252 

0.095 

4- 9 

10.6 

6.8 

19.2 

8.7 

19.5: 

0.6 

2.7 

9.5 

1- 9 

6.5 

20 

1.8 

6.1 

14.5 

7.8 

15 

91 

110 : 

98 

120 

102 

108: 

90 

77 

83 

100: 

95 

115 : 

90 

95 

120 

121 

113 

*Unsputtered samples a r e  ind ica t ed  by an age whose logari thm 
i s  given as 2 f o r  convenience. 

PR 

( 4 )  P+/PR - -  
4.4 1.11 

6.65 1.59 

5.4 1.26 

9.8 1-96 

6.2 1.40 

10.2 1.91 

1.3 0.46 

3.35 0.81 

8.4 1.13 

3.05 0.62 

5-3 1-23 

12.8 1.56 

2.4 0.75 

5.3 1.15 

7.85 1.85 

4.6 1.69 

7.2 2.08 

Values t h a t  are p a r t i c u l a r l y  uncer ta in  a r e  i n d i c a t e d  
by a colon (:). 
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Table I11 

Polarization Characteristics of Lunar 

No. 

Features 

Name 

MARIA 

- 

1 Sinus Iridum 

2 Mare Crisium, center 

I t  11 , south 
11 1 1  , north 

3 Mare Nectaris, center 

11 11 , south 
4 Mare Foecunditatis, east 

, west 
of Messier 

of Messier 
11 11 

5 Mare Serenitatis 

6 Mare Tranquilitatis 

with Corresponding Albedos 

(Ref. 4) (Ref. 11) 
A (b) A (Ref. 10) 

p, A ( 4  
p+ 

16+1 12.6 0.07 

14. Si1 0. og 

1321 0.10 

14.7 
1- 

13.5-0.5 

12.5'0.5 

15'1 

THE BOTTOM OF CRATERS AND CIRQUES 

7 Albategnius 1121 

8 Alphonsus 1021 

9 Artistarchus (ray crater) 12 .Ofl. 4 

10 Artistillus (ray crater) 1921 

11 Aristoteles g+ 1 

12 Arzachel l O f l  

lf, Autolycus 11 

14.0 

-34- 

(Ref.13) 

(Ref. 13) 

14.7 

15.2 

0.065 

0.11 

0.069 3 
0.0p 

0.066 

0.111 0.112 

0.13 0.107 

0.26 0.152 0.176 

0.080 

0.105 0.110 

0.13 0.112 

0.10 0.082 



Table I11 (Cont 'd.  ) 

No. Name - 
1 4  Cathar ina 

15 Cleomedes 

16 Copernicus ( r a y  c r a t e r )  

1-7 C y r i l l u s  

18 Gassendi 

1.9 Kepler ( r a y  c r a t e r )  

20 Picard 

2 1  Posidonius 

22 Proclus  ( r a y  c r a t e r )  

2 3  Theophilus 

2i; ~ j r c h o  ( r a y  c r a t e r )  

( 4  
p+ - 
7 

11 

10 

95 1 

9 

8 

4 

8 

7 

(Ref.  10) 
p+ A b  1 - 

0.15 
( R e f .  13) 

6.8 

0.13 

0.15 

0.11 

0.09 

0.21 

0.15 

0.18 

(Ref. 4 ) (Ref. 11) 
A A 

0.115 

0.090 

0.114 0.120 

0.110 

0.091 

0.102 0.100 

0.077 

0.142 

0.108 

0.131 0.154 

25 Archimedes 1 2  0.10 0.081 0.088 

26 F racas to r ius  8 0.14 0.102 

27 Grimaldi, north 

, south 11 

9 

9 

28 P l a t o  8 0.07 0.068 0.06% 

29 Plotemaus 8 0.11 0.095 0.108 

30 R i c c i o l i  8 0.071 0.060 

0.078 
1 1  0.087 

0.11 OS1O 1 0.099 

31  Schickard,  nor th  9 

, south 7 

Footnotes:  ( a  ) - Dzhapiashvi l i  (I5) as  co r rec t ed  by Markov (14) 
(14) ( b  ) - F e d ~ r e t z ( ~ )  as derived by Markov 
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8 
ig I 

The f i rs t  f e a t u r e  t o  be noted i n  Figs. 1-7 and 18 i s  t h e  marked tendency of 

t h e  curves f o r  l a r g e r  p a r t i c l e s  t o  l i e  h ighe r  i n  t h e  diagram. Second, t h e  

curves f o r  opaque p a r t i c l e s  of  a given s i z e  t end  t o  l i e  h ighe r  t han  those  

f o r  semi- t ransparent  p a r t i c l e s .  B u t  b a s a l t  i s  n o t  d i s t i n g u i s h a b l e  from 

greenstone (both opaque) and g ranod io r i t e  is n o t  d i s t i n g u i s h a b l e  from 

t e k t i t e  (both q u i t e  t r a n s l u c e n t ) .  It seems composition is important only 

i n s o f a r  as it affects p a r t i c l e  opacity.  Third, i f  t h e  l u n a r  measurements 

are v a l i d  and if our measurements correspond t o  l u n a r  measurements (i. e., 

i f  no f u r t h e r  instrumental  co r rec t ions  need be  made), then we may conclude 

t h a t  opaque ( o r  t r a n s l u c e n t )  p a r t i c l e s  l a r g e r  t han  about 5O(or 100)~ are 

n o t  abundant i n  t h e  l u n a r  s u r f a c e  layer, except p o s s i b l y  i n  r a y  c r a t e r s .  

Fourth, independent of t h e  absolute  c a l i b r a t i o n  o f  our  measurements, t h e  

re la t ive placement of  l u n a r  va lues  suggests  t h a t  real p a r t i c l e - s i z e  d i f f e r -  

ences  mast occur on t h e  moon. I n  p a r t i c u l a r ,  s i n c e  seas and c r a t e r  seas are so 

similar i n  albedo and geology ( i f  one b e l i e v e s  i n  lava flows),  it may be  t h a t  

c r a t e r  seas are covered by r e l a t i v e l y  f i n e - g r a i n  dust .  

would s u r e l y  have impl i ca t ions  f o r t h e  e ros ion  processes  ope ra t ive  on t h e  

moon. 

If t h i s  were so,  it 

An A l t e r n a t e  Index of t h e  Po la r i za t ion  

While ou r  measurements i n d i c a t e  t h a t  it should be p o s s i b l e  t o  i n t e r p r e t  

l u n a r  measurements of t h e  maximum degree of p o l a r i z a t i o n  P+ and albedo An 

i n  terms of s i z e s  and o p a c i t i e s  of p a r t i c l e s  i n  t h e  d u s t  layer ove r ly ing  

va r ious  l u n a r  f e a t u r e s ,  t h e r e  are a number of reasons why t h e  use  of P, 

as an index of  p o l a r i z a t i o n  is n o t  s a t i s f a c t o r y :  
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1. For a p r e c i s i o n  determination o f  P+, a d e t a i l e d  a n a l y s i s  must be  

made of  t h e  shape of  t h e  po la r ime t r i c  func t ion  i n  t h e  v i c i n i t y  of  t h e  maximum. 

As  a r e s u l t  o f  t h e  unknown shape of t h e  p o l a r i m e t r i c  func t ion  nea r  i t s  maximum, 

a l a r g e  number of d a t a  are needed near  some p a r t i c u l a r  phase of  t h e  moon which 

i s  d i f f e r e n t  for each l u n a r  f e a t u r e  t h a t  is t o  be s tud ied .  

2. For t h e  very i n t e r e s t i n g  c e n t r a l  region of  t h e  moon t o  which t h e  

f i r s t  moon probes have been and w i l l  be s e n t ,  t h e  value o f  P+ is no t  a c c e s s i b l e  

because t y p i c a l l y  a+ = 110O. 

I 

3. A n  abso lu te  determination o f  t h e  degree of  p o l a r i z a t i o n  must be made 
I 

f o r  which, t y p i c a l l y ,  a d i f f i c u l t  instrumental  c a l i b r a t i o n  must be obtained. 

Furthermore, c o r r e c t i o n s  f o r  atmospheric e f f e c t s  should be  made. I n  p r a c t i c e ,  
1 

t h e  atmospheric c o r r e c t i o n  is ignored and measurements are confined t o  i n s t r u -  

ments for which t h e  instrumental  co r rec t ion  is as small as p o s s i b l e  o r  pre-  

s m z b l y  zero.  

I 
I 

For t h e s e  reasons, it is c l e a r  t h a t  a b e t t e r  index of t h e  p o l a r i z a t i o n  

e f f e c t s  must be  sought as follows: 

1. One should know t h e  shape of t h e  p o l a r i m e t r i c  func t ion  s o  t h a t  a 

minimum number of  d a t a  p o i n t s  is required.  

2. 

3. 

4. 

The index should be derived f o r  a < 90". 

One should r e q u i r e  r e l a t i v e  measurements only. 

The index should manifest  p a r t i c l e - s i z e  effects.  
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Consider, then, t h e  p o l a r i z a t i o n  measurements obtained by T. Gehrels (12) 

i n  1959 and r e p l o t t e d  i n  t h e  same form as Figs .  9-16 i n  Figs.  20-24. I n  

each f i g u r e ,  c e r t a i n  p o i n t s  occur twice because they a r e  t ransposed t o  t h e  

curve of opposi te  phase. The d a t a  allow two conclusions.  F i r s t ,  it i s  

c l e a r  t h a t  t h e  t ransposed p o i n t s  lie e s s e n t i a l l y  on t h e  same curve as t h e  

observed p o i n t s .  The experimental  u n c e r t a i n t i e s  are given by t h e  r a d i i  

of t h e  observed p o i n t s .  

t o  a = 60" (and sometimes t o  70") follows a straight l i n e .  

of F igs .  20-24 i s  a l s o  p r e s e n t  i n  Figs.  9-16, where t h e  r e l a t i v e l y  g r e a t e r  

p r e c i s i o n  makes it p o s s i b l e  t o  de t ec t  minute departures  from a straight 

l i n e .  Nevertheless,  it i s  d e f i n i t e l y  t h e  case  t h a t  t h e  p l o t  of  t h e  p o l a r i -  

z a t i o n  d a t a  f o r  2Z0(1a1 (60" is very straight and f e a t u r e l e s s .  

Second, the curve f i t t i n g  t h e  d a t a  from a = 22" 

This f e a t u r e  

W e  t h e r e f o r e  propose t o  show t h a t  t h e  s lope  of t h e  p o l a r i z a t i o n  curve 

on 22"< laf (60" is a s u i t a b l e  Lndex of p a r t i c l e - s i z e  e r f e c t s .  It is c l e a r  

t h a t  t h e  s lope  of  a straight l i n e  i n  t h e  above i n t e r v a l  satisfies t h e  first 

t h r e e  requirements immediately. Such a n  index i s  p a r t i c u l a r l y  s u i t a b l e  

f o r  our  d a t a  i n  t h a t  t h e  angular  range f o r  E =  60" avoids angles  of  i n c i -  

dence far from normal incidence (asymmetric l i g h t  source) ,  t h e  "noise" of  

t h e  f a c e t  e f f e c t  i s  n e g l i g i b l e  i n  t h e  proposed angular  region i n  comparison 

t o  t h e  no i se  i n  t h e  region o f  maximum p o l a r i z a t i o n ,  and t h e  n e a r l y  cons t an t  

s h i f t  o f  t h e  E =  60" curve due t o  a l igned  bombardment tends t o  s u b t r a c t  out.  

The index which we w i l l  a c t u a l l y  use w e  w i l l  term "PR", t h e  P o l a r i z a t i o n  

R i s e  from a = 20" t o  a = 60". 

p o l a r i m e t r i c  func t ion  nea r  20" has a n e g l i g i b l e  e f f e c t  on t h e  index. 

The s l i g h t  departure  from l i n e a r i t y  of  t h e  
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- Observed Points 

A - Negative Phase Po in t s  

0. I I 1 I I /  I I I I 

a e A. 

0 Phase A 

Lg. 20 P o l a r i z a t i o n  o f  green l i g h t  s c a t t e r e d  from Copernicus 
NNW of c e n t r a l  peak, from Gehrels e t  al., A p r i l  1959. 
(-20'08' f 06', +lOoll' f 03') -- 
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B 
8 
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8 
8 
R 
I 
8 
8 
1 
I 
I 
I 
8 
1 

16 

1 4  

1 2  

10 
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-e 

d 
0 

*r4 
-P 
Ld 
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-4 
k 

v 

8 

5 6  0 

Q 
(H 
0 

a, 
a, 

a, 
FI 

b 4 
W 

2 

0 

-2 

0 - Observed Points  

A -  Negative Phase Poin ts  

- 60 -40 e -20 0 20 40 \ 
I I I I 

60 80 100 

Fig.  2 1  P o l a r i z a t i o n  of  green l i gh t  s c a t t e r e d  from Mare Imbrium 
near  t h e  S t r a i g h t  Range, from Gehrels e t  al.,  Apr i l  1959. 
(-17'44' 2 12', +46"08' * 0 5 ' )  

-- 

8 
,11 
8 
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I 
8 
1 
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8 
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4 

2 

0 

-2 

- Observed Poin ts  

A- Negative Phase Poin ts  

40 60 80 100 
I I I I 

Phase 
Angle 

8 
Fig. 22 P o l a r i z a t i o n  of green l i g h t  s c a t t e r e d  from Clavius,  

between B and D, from Gehrels e t  al., A p r i l  1959. 
(-1OO59' f 02', -57O36' f 04')-- 
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0 - Observed Points 

a- Negative Phase Points  

- 60 - 40 \ -20 0 20 p" 40 60 80 100 

I I I I I /  I I I 1 
0 

0 Phase 
Angle 

Fig.  23  P o l a r i z a t i o n  of green l i g h t  s c a t t e r e d  from Pla to ,  W of 
center ,  from Behrels - e t  a1 April 1959. 

+ (-10032' - 06', +5i025' 2 03')  
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Fig. 24 Polarization of green light scattered from Mare Crisium, 
S of Peirce, from Gehrels et a1 A p r i l  1959. 
(+52"43' 5 O7', +17"18' 06') 

- ,*J 
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m 

Analysis again w i l l  be confined t o  d a t a  f o r  t. = 60". 

t o  t h e  l u n a r  d a t a  of  F igs .  20-24 and t o  t h e  measurements of Lyot on i n t e -  

g r a l  moonlight. 

Comparison w i l l  be made 

(4) 

The values  w e  have obtained f o r  t h e  p o l a r i z a t i o n  index FB f o r  green l i g h t  

t h a t  w a s  s c a t t e r e d  from powders of t h o l e i i t i c  basalt, g ranod io r i t e ,  green- 

s tone,  and t e k t i t e  o f  f o u r  s i z e  ranges a r e  given i n  Table I1 and p l o t t e d  i n  

logari thmic coordinates  vs normal albedo i n  Figs .  Z 5  and 26. A s  i n  Figs .  

1'7 and 18, t h e  p o i n t s  f o r  d i f f e r e n t  albedos of  a given sample f a l l  on a 

n e a r l y  s t r a i g h t  l i n e  and a l l  t h e  l i n e s  have about t h e  same slope.  One 

d i f f e r e n c e  from t h e  e a r l i e r  f i gu res  i s  t h e  smaller s l o p e  of t h e  l i n e s ;  

assumption of PR = k An 

i n  t h e  ear l ier  a n a l y s i s .  

-m 
implies  m = 0.8 f 0 . 1  i n  comparison t o  q 

One may t h e r e f o r e  expect t h a t  t h e  r a t i o  P+/PR 

1 .3  

has an albedo dependence t h a t  accounts f o r  t h e  d i f f e r e n c e  and t h a t ,  i n  

f a c t ,  P+ :;;creases r e l a t i v e  t o  PR a s  the albedo decreases.  Such a aepend- 

ence i s  obvious i n  F igs .  9-16 and is s t u d i e d  f u r t h e r  below. The inc rease  

of  P+ r e l a t i v e  t o  PR i s  b a s i c a l l y  t h e  resiilt of t h e  inc rease  of a+ r e l a t i v e  

t o  t h e  phase angle  60" e n t e r i n g  PR. 

It i s  c l e a r  from Figs .  25 and 26 t h a t  t h e  p o l a r i z a t i o n  index PR is 

j u s t  as success fu l  as P+ i n  reveal ing t h e  s i z e  of t he  s c a t t e r i n g  p a r t i c l e s .  

Again t h e  curves f o r  t h e  l a r g e s t  p a r t i c l e s  l i e  h i g h e s t  i n  t h e  diagram. 

Again t h e  opaque materials (greenstone and b a s a l t )  are very similar and 

t h e  t r a n s l u c e n t  materials ( t e k t i t e  and g r a n o d i o r i t e )  are similar, b u t  t h e  

opaque and t r a n s l u c e n t  materials are d i f f e r e n t  from each o t h e r  by a f a c t o r  

of roughly 1 . 2 .  
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Fig. 25 Effect of particle size upon the polarization 

index PR for basalt and granodiorite powder, 
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Fig. 26 Effect of particle size upon the polarization 
index PR for greenstone and tektite powders. 
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A f e w  l u n a r  va lues  are given i n  Figs .  25 and 26 f o r  comparison. 

i n d i c e s  PR were r ead  o f f  Figs .  20-24 and t h e  publ ished curve of Lyot 

f o r  i n t e g r a l  moonlight. The unce r t a in ty  i n  t h e  PR values  f o r  t h e  moon 

probably does not  exceed 2%. 

i s  1 t o  24. 

u n c e r t a i n t y  i n  PR is t r iv ia l .  

The 

(4) 

The u n c e r t a i n t y  i n  our  measured PR ind ices  

Since t h e  spread i n  PR values  amounts t o  a f a c t o r  of  2, t h e  

Our "albedo" coordinate  i s  f a i r l y  p r e c i s e  i n  abso lu t e  value.  The 

"normal albedo" which w e  p l o t  i s  a c t u a l l y  t h e  r e l a t i v e  b r igh tness  of our 

sample and of a s t anda rd  smoked MgO su r face  a t  a phase angle  of 2.5".  

No e x t r a p o l a t i o n  of t h e  photometric func t ion  t o  ze ro  phase angle  w a s  

at tempted. Any e x t r a p o l a t i o n  is p o i n t l e s s  without  a d e t a i l e d  s tudy  of  

t h e  in s t rumen ta l  e f f e c t  of f i n i t e  d e t e c t o r  angle  and without a good know- 

ledge o f  t h e  shape of t h e  ( co r rec t ed )  photometric func t ion  f o r  each sample 

and a l s o  f o r  t h e  r e fe rence  surface.  Such ar, e x t r a p o l a t i o n  i s  unmerited 

i n  a gene ra l  survey i n  any case because t h e  e x t r a p o l a t i o n  w i l l  a f f e c t  

t h e  re la t ive normal albedos of d i f f e r e n t  samples only minutely and w i l l  

simply change t h e  abso lu te  value of  t h e  normal albedo f o r  every sample 

by a n e a r l y  constant  f a c t o r .  From our previous s e c t i o n  on s t u d i e s  o f  

t h e  photometric func t ion  of our samples, w e  estimate t h a t  our  r e l a t i v e  

b r igh tnesses  should be m u l t i p l i e d  by a f a c t o r  of 1.05 t o  give t r u e  

normal albedos.  

The unce r t a in ty  i n  t h e  normal albedos of t h e  l u n a r  f e a t u r e s  seems t o  

be much more se r ious .  The r e l a t i v e  b r igh tness  o f  l u n a r  f e a t u r e s  f o r  

a c c e s s i b l e  phases is, of  course, well  known because it can be obtained 

from photographs. But t h e  absolute  b r i g h t n e s s  r equ i r e s ,  i n  general ,  
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. 

p h o t o e l e c t r i c  methods and e l abora t e  c o r r e c t i o n  procedures f o r  i n s t rumen ta l  

and atmospheric e f f e c t s .  Since zero phase angle  f o r  t h e  moon cannot be 

observed from t h e  e a r t h ,  a f i n a l  e x t r a p o l a t i o n  is  required.  The r e s u l t  

of  such a program l e d  Gehrels e t  a l .  

twice t h e  values  quoted on t h e  b a s i s  o f  photographic measurements i n  t h e  

papers of  van I ~ i g g e l e n ( ~ )  and Sytinskaya") (see Appendix). 

c e r t a i n  about t h e  v a l i d i t y  of t h e  e x t r a p o l a t i o n  procedure of Gehrels 

e t  al .  s o  w e  p r e f e r r e d  t o  normalize t h e  b r igh tness  of t h e  l u n a r  f e a t u r e s  

observed by them t o  albedos quoted by van Diggelen and Sytinskaya. 

l i s t e d  i n  Tables I11 and IV, t h e  l a t t e r  authors  agree t h a t  t he  normal 

albedo of  P l a t o  is 0.068. 

r e s e r v a t i o n  t h a t  it may be t o o  low), t h e  albedos f o r  t h e  o t h e r  regions 

s t u d i e d  by Gehrels e t  a l .  w e r e  ca l cu la t ed  from t h e i r  re la t ive b r i g h t -  

nesses ,  p l o t t e d  i n  Figs .  Z 5  and 26, and l i s t e d  i n  Table IV. These 

de r ived  albedos a r e  i n  good agreement with t h e  albedo values of van 

Diggelen and Sytinskaya, as might be expected i n  view of  t h e  accuracy 

of r e l a t i v e  b r igh tness  measurements. I n  f a c t ,  i f  w e  fo l low t h e  same 

weighting procedure as p resc r ibed  by Gehrels e t  a l .  and der ive a mean 

albedo f o r  t h e  whole moon, we  obtain 0.105 from t h e i r  values .  This same 

value w a s  quoted by Russe l l (7 )  and accepted by van Diggelen. It i s  t h i s  

value f o r  t h e  albedo of t h e  whole moon t h a t  w e  use i n  p l o t t i n g  t h e  i n d i c e s  

PR appropr i a t e  t o  t h e  measurement of Lyot on t h e  p o l a r i z a t i o n  of l i g h t  

from t h e  whole moon. Actually,  a s l i g h t l y  lower albedo would be appro- 

p r i a t e  f o r  t h e  e a s t e r n  h a l f  of the  moon because of t h e  preponderance of  

maria the re ,  and t h e  oppos i t e  holds f o r  t h e  western h a l f .  

( 2 )  
t o  normal albedos t h a t  are n e a r l y  -- 

We are un- 

-- 
As 

Accepting t h i s  albedo f o r  P l a t o  (with t h e  

-- 

-- 
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Region 

Copernicus 

Mare Imbrium 

E of Clavius  D 

Center of P l a t o  

Mare C r i s i u m  

Whole Moon 

Table IV 

Normal Albedos of Se lec ted  Lunar Regions for 
Which t h e  Po la r i za t ion  Parameter PR i s  Avai lable  

Visual(Ref.  2 1 
Brightness  (Ref.4) (Ref. 11) (4 

a = oo An An An 
2.09i0.05 0.114 0.120 0.129iO. 003 

1 . 2 1  0.054-0.074 0.075 

2 . 2 1  0.137 0.137 

1.10 0.068 0.068 0.068 

1.10: 0.062 0.068 

0 .  i05(Ref * 0.105 1.695 12 

( a )  Derived from Gehrels e t  al. ('1 as explained i n  t e x t .  -- 
A value which is  p a r t i c u l a r l y  uncer ta in  i s  indica ted  
by a colon (:). 
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PR( Ref. 2 ) 

(k> 
4.720.1 

8.3 

4.6 

8.3 

8.05 

(:::: (Ref.10) 



I n  t h a t  case,  t h e  l u n a r  values i n  Figs .  25 and 26 l i e  e s s e n t i a l l y  on one 

s t r a i g h t  l i n e  having a s lope e q u a l  t o  t h e  mean s lope  of our measurements. 

If t h e s e  l u n a r  measurements are r e p r e s e n t a t i v e  and i f  t h e  l u n a r  

albedos are n o t  g r o s s l y  t o o  low, t h e n  Figs.  25 and 26 agree with Figs .  

1-7 and 18 i n  implying t h a t  lunar s u r f a c e  p a r t i c l e s  are less than  5 O p  

i n  s i z e  i f  opaque o r  are less than 100)~ i n  s i z e  i f  t r a n s l u c e n t  be fo re  

ion  bombardment. If t h e  l u n a r  normal albedos are t o  be r e v i s e d  upward 

by some f a c t o r  between 1 and 2, t h e  l u n a r  p a r t i c l e s  are l a r g e r .  The 

e f f e c t  on l u n a r  p a r t i c l e  s i z e  of such a r e v i s i o n  is  roughly t h e  same 

f o r  e i t h e r  p o l a r i z a t i o n  index, P+ o r  PR. 

c a s e  correspond t o  our  l a r g e s t  s i z e  range, 74-300)r. 

F i n a l l y ,  w e  p l o t  t h e  r a t i o  of p o l a r i z a t i o n  i n d i c e s  P+/PR as a func- 

Lunar p a r t i c l e s  would i n  t h a t  

t i o n  o f  albedo i n  Fig.  27 f o r  the f o u r  s i z e  ranges and t h e  f o u r  materials. 

Except f o r  t h e  l a r g e s t  p a r t i c l e s ,  t h e  r a t i o  P+/PR tentis t o  n ighe r  values  

as albedo decreases.  There is some tendency f o r  t h e  smaller p a r t i c l e s  

t o  have a lower value of  t h e  r a t i o ,  b u t  t h e  s c a t t e r  i s  so  g r e a t  t h a t  

one is  l e d  t o  suppose t h a t  t h e  v a r i a t i o n  i n  t h e  shape of  t h e  po la r i za -  

t i o n  curve expressed by P+/PR i s  caused by albedo alone and no t  by 

p a r t i c l e  s i z e .  The v a r i a t i o n  i n  shape as albedo decreases  amounts t o  

an i n c r e a s e  i n  t h e  upward s lope  of t h e  p o l a r i z a t i o n  curve (expressed by 

PR) p l u s  an inc rease  i n  t h e  phase angle  a 

l a r g e s t  p a r t i c l e  s i z e  range t h a t  w e  have s tud ied ,  t h e  powder i s  self-  

compacting under atmospheric condi t ions and t h e  e a r t h ’ s  g r a v i t a t i o n a l  

fo rce .  

l a r g e s t  p a r t i c l e s  i s  p a r t l y  t h e  r e s u l t  of specular  enhancement of t h e  

of t h e  maximum. For t h e  + 

Probably t h e  v e r y  l a r g e  values of t h e  r a t i o  P+/PR f o r  t h e s e  
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Fig.  27 The e f f e c t  of p a r t i c l e  s i z e  upon t h e  r a t i o  of  
p o l a r i z a t i o n  ind ices  P+/PR f o r  var ious  s i f t e d  
powders of graded s i z e s .  
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p o l a r i z a t i o n  of l i g h t  s c a t t e r e d  d i f f u s e l y  i n  t h e  forward d i r ec t ion .  Under 

t h e  l u n a r  condi t ions  of low g rav i ty  and such an  e x c e l l e n t  vacuum t h a t  i n t e r -  

p a r t i c l e  f o r c e s  can be f a r  g rea t e r ,  a powder corresponding t o  our  l a r g e s t  

s i z e  range might no t  be self-compacting. 
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APPENDIX 

The French o r  Russian data t o  be discussed he re  are now a v a i l a b l e  i n  

Engl ish t r a n s l a t i o n .  The data on maximum p o l a r i z a t i o n  and albedo of  l u n a r  

f e a t u r e s  are c o l l e c t e d  i n  Table I11 and p e r t a i n  t o  green l i g h t .  

(9) Markov f irst  attempted i n  1960 t o  c o r r e l a t e  q u a n t i t a t i v e l y  t h e  

maximum p o l a r i z a t i o n  of l u n a r  f e a t u r e s  with t h e i r  corresponding albedos.  

He had a v a i l a b l e  t h e  p o l a r i m e t r i c  d a t a  of Dzhapiashvi l i  (10) which, however, 

were unce r t a in  i n  abso lu t e  magnitude because o f  an in s t rumen ta l  po la r i za -  

t i o n  of  about 4%. Markov undertook observat ions j o i n t l y  with (11) 

Myukhkyurya with an au tomat i ca l ly  recording e l ec t ropo la r ime te r  (with a 

P o l a r o i d  r o t a t i n g  a t  high speed) designed by Myukhkyurya. (12) The i n s t r u -  

ment is less s u b j e c t  t o  instrumental  e r r o r s  and w a s  used a t  a s i n g l e  l u n a r  

phase with t h e  goa l  of  c o r r e c t i n g  the work of Dzhapiashvili .  

t hen  gave a table  of p o l a r i z a t i o n  values f o r  41 l u n a r  f ea tu res  of which 

( 9 )  Markov 

31 are given i n  Table 111. The albedos which he  gave were de r ived  from 

t h e  work of Fedoretz. (13) I n  1952, Fedoretz publ ished t a b l e s  of 162 

p o i n t s  on t h e  moon f o r  which he had measured t h e  radiance,  on 20 l u n a r  

p l a t e s ,  t aken  a t  d i f f e r e n t  phase angles.  I n  1958, van Diggelen pub- 

l i s h e d  h i s  very complete s t u d y  o f  t h e  photometric p r o p e r t i e s  of l u n a r  

c r a t e r  f l o o r s .  

Fedoretz,  he found a d i s t u r b i n g l y  large s c a t t e r  of p o i n t s  about a l i n e a r  

curve, amounting t o  a f a c t o r  of 2. 

(5) 

But i n  comparing h i s  measured radiances t o  t h a t  of  

In  our comparison of  t h e  albedos given 
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by van Diggelen and by Markov as l i s t e d  i n  Table 111, w e  f i n d  t h a t  t h e  

albedos der ived  by Markov need t o  be mul t ip l ied ,  on t h e  average, by a 

f a c t o r  of 0.77 t o  b r i n g  them i n t o  agreement with t h e  values  given by 

van Diggelen. Van Diggelen compared h i s  albedos t o  a ca t a log  of  al- 

bedos publ ished i n  1953 by Sytinskaya. 

w i t h  t h e  earlier ca t a log  and suggested t h a t  h i s  values need be mult i -  

p l i e d  only by a f a c t o r  o f  0.972 t o  agree i n  t h e  mean. 

t he re fo re ,  t h a t  t h e  albedo values of van Diggelen and Syt inskaya a r e  

more r e l i a b l e  than t h o s e  der ived by Markov. The albedos given by Markov 

were not  used i n  Fig. 19. 

He found e x c e l l e n t  agreement ( 6 )  

It seems probable,  

A small amount of a d d i t i o n a l  p o l a r i z a t i o n  va lues  are a v a i l a b l e  from 

(4) t h e  e a r l y  determinat ions of Lyot and from t h e  recent ,  s h o r t  work of 

Clarke.  ( 8 )  

coord ina tes  a r e  pooriy known so t h a t  r e l i a b l e  albedos a r e  d i f f i c u l t  t o  

obta in .  The work of  Clarke was devoted more t o  t h e  wavelength depend- 

ence of p o l a r i z a t i o n  than t o  a survey of maximum p o l a r i z a t i o n s .  The 

over lap  of p o l a r i z a t i o n  d a t a  from d i f f e r e n t  observers  is  neg l ig ib l e ,  

t h e  s i n g l e  case i n  Table 111, Sinus I r idun ,  being such a l a r g e  region 

(having va r i ed  c o l o r s )  t h a t  t h e  poor agreement might be expected. It 

is  t o  be hoped t h a t  far more p o l a r i z a t i o n  d a t a  will be obta ined  and t h a t  

t h e  observers  w i l l  t a b u l a t e  t h e i r  determinat ions f o r  var ious phases.  

Most of t h e  measurements of Lyot p e r t a i n  t o  regions whose 
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